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son and Anthony Lozeau. The authors are also thankful to Darryl Calkins for providing the data
on water level variations in Figure 7.
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ICE FORCE MEASUREMENTS ON A BRIDGE PIER
N IN THE OTTAUQUECHEE RIVER, VERMONT

D.S. Sodhi, K. Kato and F.D. Haynes
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INTRODUCTION that develop during the ice action are usually mea-
S.sured by load cells, strain gauges or pressure gauges.

For rational design of structures subjected to ice The installation and instrumentation of the load frame
action, the results of theoretical studies, small-scale require considerable planning and effort, and its de-
experiments and full-scale measurements of ice forces sign must take into account the logistics problems as-
have to be synthesized to develop guidelines and re- sociated with the site.
commendations in the form of design codes to be While it is relatively easy to install a strain gauge
used by practicing engineers (Neill 1976). The tield or an accelerometer on a slender structure to monitor
measurement of ice forces forms an important part its response, the results are dependent on the develop-
of this process. Ice forces depend to a large extent ment of a reliable mathematical model of the structure
on the properties of ice, the geometry of the struc- through static and dynamic calibration. This difficulty
ture and the mode of ice failure or action. The ap- is particularly evident when the response of the struc-
plication of theoretical analysis and the results of ture to ice forces is either so small or so complex as
small-scale experiments are complicated by the com- to make the results ambiguous and questionable.
plex and highly variable properties of ice. The inter-
action of ice with a structure may result in one of or
a combination of the following: bending, crushing,
impacting, splitting, rafting, submerging and buckling.
Thus, there is a strong need to measure ice forces on
structures to determine their magnitude and thereby
build confidence in existing theories and practices.
Since the ice conditions vary considerably from one
region to another, the ice forces should be measured
at as many sites as possible.

Systems for measuring ice forces use either of two
basic methodologies (Sodhi and Haynes 1983):
1) placing a load frame (i.e. a beam or a plate) be-
tween the ice and the structure and measuring the

- ?... reaction forces, or 2) measuring the response of the
structure in terms of acceleration, displacement or

... , strain at a few points and relating these measurements
to the ice forces.

The load frame to be placed between the ice and
the structure may be a beam or a plate supported at Figure 1. Load panels on the bridge pier in the Ottau-

a few points on the structure. The reaction forces quechee River near Quechee, Vermont.
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For a review of ice forces and their field measure-
ment, the reader is referred to review papers by Neill
(1976) and Sodhi and Haynes (1983).

In this report, we present the procedure adopted
for the force measurement at a bridge pier in the Ot-

tauquechee River, Quechee, Vermont. The site is 20
miles from Hanover, New Hampshire, in a steep, shal. I
low river typical of this region. For the measurement 2 ....
of ice forces, we installed four panels, two on each
side of the vertical V-shaped pier as shown in Figure 4 Load Plates-

1. Each panel is supported by four pins that are in- Each 221n x 48in.
ternally instrumented to measure forces in the normal
and tangential directions. The ice forces measured on 4 Instrumented Pins-
26 March 1982 during an ice run are presented along Per Load Plate

with water level variations. We also present some data PLAN VIEW

on the ice thickness and strength.

LOAD PANELS

Some of the important factors considered in the
design of the load panels were the range of observed
water level variations during the ice runs in previous
years, the configuration of the pier, the type of load
measurements (e.g. normal and tangential forces), the 4ft (I 22m)
size and number of panels, the number of load cells,
the logistics of panel installations and data acquisi-
tion, and other factors.

The size of each panel is 0.56 by 1.22 m (22 by
48 in.). We established these dimensions to cover
both the entire width of the bridge pier and the ex-
pected range of water level variations. A schematic R aeofpectd rngeof wterlevl vaiatons A shemtic- Observed Water

sketch of the panel is shown in Figure 2, and Figure 3 Level Variation

shows a photograph of the panels from the top of the
bridge pier. A small gap in the panels-shown in Fig-
ures 2 and 3-ensures negligible interaction between
the panels on each side of the V-shaped pier.

We designed the panels (see Fig. 4) to be rigid and
strong not only to endure the ice action but also to
keep their natural frequency of vibration as high as 4 ft (l.22m)

possible in order to prevent any modification in the
measurement of ice forces. Each panel was supported
by four 50.8-mm (2-in.) diameter pins that were in-
ternally instrumented to measure forces in two per-
pendicular directions. The arrangement for the sup-
port system is shown in Figures 2 and 5. A compro-
mise had to be made between the high stiffness of the
support system and the resolution of the measured
forces. The load capacity of each pin is 222.5 kN
(2,00Ib.ELEVATION VIEW

-~ (25,000 lb).
We devoted special attention to the protection of Figure 2. Schematic of the panels.

cables as it is very difficult to rectify any problem re-
lated to water leakage after installation. We connect-
ed the cables to the biaxial force measuring pins and

2
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Figure 3. Panels as viewed from
the bridge deck.

:5:7.

Figure 4. Load panels.

Figure 5. Instrumented pins/ and the cables running behind

steel plates.

3



A Pin Number data in any one channel exceeded a preset value, the
3 Panel Number data on all channels were recorded along with time

2 and date. If the root-mean-square value of the meas-
ured force on any channel exceeded a preset value,

the tape recorder was switched on for continuous

Aanalog recording.

[Flopp D, kRESULTS

,. PDkfIce movement in the Ottauquechee River is caused

I1 mainly by the sudden rise in water level caused by the

Signal Conditioner failure of ice jams. It rained continuously about 24
and Comuter hours before the ice moved on 26 March 1982. A 6-

J Multipler hour record of the stage at different locations along
q j 4-' the river prior to the ice movement and including the

time of the ice movement is shown in Figure 7. Sud-
YV N den changes in water level at different points along

T.Tape Recorder the river are caused by small- or large-scale movement
of ice that also sets water waves propagating upstream

and downstream. The ice movement at the site start-
• - Figure 6. Data acquisition system for each ed at about 1413 hours and lasted for about 6 to 8

panel. The letters Nand Tstandfor the sum minutes. Since we were waiting for this event, we
of normal and tangential force signals from had switched on all the recording equipment manually.
a panel. The water level reached only up to the middle of

the lower two panels and so the ice did not hit the

checked for any leakage. They were further protect- upper two panels at all. A partial record of the nor-

ed from ice by running them behind the steel plates mal and tangential forces is presented in Figure 8.

as shown in Figure 5. We made the following observations while stand-

The arrangement for data acquisition is shown in ing on the bridge during the ice run. The ice hitting

Figure 6. The data from 32 channels were amplified the bridge pier was broken up. The average size of

and filtered before recording them in analog and digi- floes ranged from I m (3 ft) to a maximum of 10 m

tal forms. The digital recording was done on floppy (30 ft). The ice thickness was in the range of 0.15 m

disks with the help of a small computer that contin- (0.5 ft) to 0.6 m (2 ft). A photograph of the broken-

uously monitored the data and also controlled the up ice deposited along the river banks is shown in Fig-

operation of a magnetic tape recorder. Whenever the ure 9. Soon after the start of the ice run, the broken

(m) (f )
590

26 Mar '82

% 1~78
"229m(75 ft Duration of

Ice Movement
.-. 580
2 Bridge Pier

176 Figure 7. Record of stage vs time at dif-°a
ferent points along the river. The num-

2 (ber on the records refers to the position
-570 .= . of gauges upstream (above the dashed

|7- 570-85§9.-bridge pier line) or downstream (below
the dashed bridge pier line) of the bridge

%,%172 1878(61 -60) pier. The gauge installed on the bridge
pier measured the water level only dur-

56I ing the ice movement-the dashed line
0936 1048 1200 1312 1424 1536 indicates the time it was out of water.

170L- Time of Day
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Figure 8. Ice force records. The time indicated in seconds is from the start of the ice run. (Tand N are normal and

tangential force records: 1 is the left panel, looking downstream, and 2 is the right panel, also looking downstream.)

41 Figure 9. Ice blocks deposited

along the banks after the ice run.

The scale in the photograph is

, in feet.
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Table 1. Results of compressive strength
tests at -10 C (300F).

Crosshead Compressive'-"'" aeed streneth

2)Sample (m/s) (in. Is) (MPa) (ib/in.

I 8.33xi !O
6  

3.3 x1 
4  

2.457 356
. 8.33x -6 3.3 -4 2.673 388

3 8.33x10CF 3.3x 16- 2 428 352

4 8.33x10
6 

3.3xl1
- 4 

1.8s 1-3

5 8.33x10
6 3.3x10

- 4 2.4 360
6 8.33x10

- 6 
3.3x10

- 4 
1.5 228

7 8.33x10
- 4 3.3x10

- 2 
2J 297

""- 8 8.33xl0 4  3.3x10 2  
2., 5

Figure 10. Specimen for the com- -4 -2
9 8.33x10 3.3x10 2.4, 4

* *-..pressive strength test.

ice on the left bank stopped moving because of ice tact between the ice and the pier, an estimate of the
arching between the piers and the bank. The ice on contact area may be made by assuming it to be aver-
the right bank continued to pass under the bridge. A age ice thickness (0.46 m) times the length of the
constant force level in the normal direction of panel 1 panel (0.56 in). Thus, we estimate the maximum
(the left panel, looking downstream) may be seen in static ice pressure to be 435 kPa (63 lb/in. 2 ). The
the ice force record shown in Figure 8. Four minutes maximum force recorded during an ice impact was
from the start of the ice run, the ice on the left bank 120 kN (27,000 lb). Since we could not estimate

-. started to move again. The broken ice passing under the contact area between the impacting floe and the

.-. the bridge was loose and it did not cause any severe panels, we have not estimated the ice pressure result-
-. loading on the panel. Then a triangular shaped floe ing during an ice impact. The force records in Figure

(7 m by 5 m by 5 m) hit the panel directly, register- 8 indicate that the ice force in the tangential direction
- -ing a response on all force measuring systems of pan- is small compared to that in the normal direction ex-

els I and 2. After that event, the ice cleared and there cept during an impact of a floe on the pointed nose.
S.. was open water in the river. Although the ice action on the bridge pier was not

Some ice was brought to the laboratory and stored particularly severe, it is still important to keep on
% in a freezer for later measurement of compressive gathering field data on ice forces. This will generate

strength. Specimens (Fig. 10) were prepared from a large quantity of data from which statistical infor-

those ice blocks. The results of compressive strength mation on the level of ice forces may be derived.
tests conducted at -I°C (30 0 F) are given in Table I.
Although the number of tests conducted is limited,
the compressive strength of ice was in the range of LITERATURE CITED
1.57 to 2.67 MPa (228 to 388 lb/in. 2 ).

Neill, C.R. (1976) Dynamic ice forces on piers and
piles: An assessment of design guidelines in the light

DISCUSSION of recent research. Canadian Journal of Civil Engineer-
ing, 3(2): 305-341.

During the ice movement, we did not observe any Sodhi, D.S. and F.D. Haynes (1983) Measurement of
splitting, crushing or bending failures. The floes ice forces on structures. In State-of-the-Art Design
would hit the bridge pier, and be either deflected or for Ice Forces on Offshore and Inland Waterway

r.- stopped by the impact. For the major portion of the Structures, ASCE Monograph. Also presented at the
ice run, the ice had arched on one side of the bridge. Annual Convention of the American Society of Civil
The static force recorded was 110 kN (24,730 lb). Engineers, 25-29 October 1982, New Orleans, Louisi.
Although it was difficult to estimate the area of con- ana.
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